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Abstract
A hexokinase gene named MdHXK1 (MDP0000309677) was cloned from ‘Gala’ apple (Malus × domestica Borkh.). Sequence analysis showed that
the MdHXK1 gene was 1 497 bp long and encoded 499 amino acids. The predicted molecular mass of this protein was 54.05 kD, and the pI was 5.76. A
phylogenetic tree indicated apple MdHXK1 exhibited the highest sequence similarity to Pyrus bretschneideri PbHXK1. Analysis of the functional domain
showed that the MdHXK1 protein included two conserved kinase domains. The prediction of subcellular localization suggested that the MdHXK1 protein
was mainly localized in the cytoplasm. There was an indication that MdHXK1 existed as one copy in the apple genome by Southern blotting. Silico analy-
sis suggested that the promoter sequence contained several typical cis-acting elements, including defense, sugar signaling and phytohormone responsive
elements. Quantitative real-time PCR analysis demonstrated that the MdHXK1 gene was mainly expressed in stem and flower tissues. During the devel-
opment of apple fruits, the expression of the MdHXK1 gene initially increased and then decreased. The changes on Glc phosphorylation relative activity
and glucose concentration showed the same trend. In addition, the expression of this gene was induced by salt stress, low temperature, and abscisic acid
(ABA). Finally, we obtained and purified the fused MdHXK1 protein by recombinant prokaryotic expression. Studies have demonstrated that MdHXK1
may participate in sugar metabolism in apple fruits. Enzyme encoded by MdHXK1 is a key factor in the mediation of sugar accumulation. Recently,
researchers on hexokinase at home and abroad mainly focused on model plants, such as Arabidopsis, tobacco and rice, but orchard fruit like apple were
underresearched. Our research established the foundation for the further study of the functions of MdHXK1.
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1. Introduction
The glucose sensor, hexokinase (HXK), phosphorylates hexose
in plant metabolism. Hexose must be phosphorylated by HXKs
to produce hexose-6-P that can then be used for metabolic pro-
cesses in the glycolytic pathway, which provides energy and
intermediate metabolites for the physiological activities of plants.
Therefore, the phosphorylation of hexose is essential to sustain
carbon flow for starch synthesis and respiration (Claeyssen and
Rivoal, 2007). Studies have found that sugars prominently repress
the expression of genes involved in photosynthesis and glyoxylate
metabolism in cucumber culture cells and maize protoplast and
this type of repression can be reverted by a specific HXK com-
petitive inhibitor (Karve et al., 2008), which reveals that HXKs
play a part in sugar sensing. In Arabidopsis, the HXK family
consists of six identified members (AtHXK1, AtHXK2, AtHXK3,
AtHKL1, AtHKL2 and AtHKL3), and three of these with cata-
lytic function that can phosphorylate glucose (Jang and Sheen,
1994). AtHXK1 has been proven to be a glucose sensor in
Arabidopsis. Analyses of transgenic Arabidopsis plants with gain
or loss of AtHXK function show that the wild type Arabidopsis
shows abnormal greening of the cotyledons, developmental delay
and stunted hypocotyls and roots on half-strength Murashige and
Skoog (MS) plates containing 6% glucose. Transgenic plants
overexpressing AtHXK1 show sugar hypersensitivity and anti-
sense plants show sugar hyposensitivity (Jang et al., 1997). In a
previous study, the AtHXK1 protein without catalytic function was
obtained using a site-specific mutagenic approach. Then, the mutant
gene was transferred into an Arabidopsis HXK1 mutant gin2-1
(glucose insensitive 2-1), and the results show that the transgenetic
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line without catalytic function still can sense sugar signal, which
demonstrates that the sugar sensing function and catalytic func-
tion of AtHXK1 are uncoupled (Moore et al., 2003).
In addition to the regulation function in signal transduction, HXK1
has been involved in the regulation of plant growth and develop-
ment as well as in hormone signal conduction (Moore et al., 2003;
Qin et al., 2003; Rolland et al., 2006; Kunz et al., 2014). The use
of a gin2-1 mutant reveals the importance of glucose sensing and
signal conduction in plant growth. Under diverse environmental con-
ditions, AtHXK1 has different functions, e.g. it may repress plant
growth through restraining seed germination and seedling growth
or promote the development and growth of adult plants; the growth
promoting function will accelerate senescence and shorten the plant
life (Smeekens et al., 2010). Wild type Arabidopsis grows rapidly
and shows premature aging under strong light conditions. However,
the mutant gin2-1 line is small in size, dark green and exhibits less
cell expansion, which reflects the fact that HXK1 promotes cell ex-
pansion and the growth of root, leaf and inflorescence under strong
light conditions (Loreti et al., 2001). In transgenetic tomato plants,
overexpression of AtHXK1 caused a stunted phenotype and pre-
mature senility. These results show that sugar signaling mediated
by HXK1 can promote or repress plant development and growth;
in addition, the different roles of HXK1 are decided by the inher-
ent glucose level and the sensitivity of plants to glucose (Granot,
2007). The sugar signal mediated by HXK1 represses the expres-
sion of OsCIPK15 [calcineurin B-like (CBL) interacting protein
kinase 15] by oxidative phosphorylation (Yim et al., 2012).
With more in-depth research, blast searches of the Malus
Genome Database using Arabidopsis thaliana HK sequences as
a query was performed and MDP0000309677 was denomi-
nated MdHXK1. Li et al. (2012) noted that MdHXK1 may take
part in processes related to sugar metabolism and accumula-
tion. However, it remains unclear whether MdHXK1 responds
to abiotic stresses or not. Feng et al. (2015) investigated the bio-
chemical characterization and the protein structure of AtHXK1,
and laid a foundation for further research on HXK1. To date,
little research has been conducted on HXKs in woody fruit crops,
e.g. apple tree, and future research on the function of HXKs in
sugar metabolism will contribute to breed improvement and
improve apple quality. In this study, we used ‘Gala’ apple
(Malus × domestica Borkh.) as study materials, and isolated the
MdHXK1 gene by gene cloning. Its bioinformatics and South-
ern blotting were analyzed. Then, we detected its expression
patterns in different tissues, different fruit growth stages and in
response to various stresses using qRT-PCR. In addition, Glc
phosphorylation relative activity of MdHXK1 and glucose con-
centration were detected during apple fruit development. Lastly,
recombinant protein was obtained by prokaryotic inducement.
The goal of the present study was to establish the foundation
for the further study of the functions of MdHXK1 protein.
2. Materials and methods
2.1. Plant materials and treatments
The 10-year-old ‘Gala’ apple trees were planted in the Ex-
perimental Orchard of the Shandong Institute of Pomology (Tai’an,
China). Samples were taken at different fruit growth stages (30,
60, 90, 120 d after blossom) starting in April 2014. Growing root,
caulicle, new leaves, flowers at the initial bloom stage and young
fruit of 30 d after blossom to be used for gene expression were
quickly frozen in liquid nitrogen and stored at −80 °C after sam-
pling. Tissue cultured seedlings were used for analyzing the effects
of MdHXK1 expression in response to abiotic stresses. Tissue
cultured ‘Gala’ seedlings were submerged in medium with the
inclusion of 100 mmol · L−1 NaCl, at 10 °C, 100 μmol · L−1 ab-
scisic acid (ABA) and samples were collected at 0, 1, 3, 6, 9,
12, 24, and 48 h after treatment for the expression analysis.
2.2. Quantitative RT-PCR analysis of gene expression
Total RNA of each sample was extracted using an RNA plant
plus reagent (Tiangen Biotech Co., Ltd., Beijing, China). First-
strand cDNA was synthesized using a PrimeScript® RT reagent
Kit (TaKaRa Biotechnology, Tokyo, Japan). Quantitative RT-
PCR was conducted using cDNA templates to detect the
expression level of MdHXK1 in apple. Apple 18S rRNA (the sense
primer: 5′-ACACGGGGAGGTAGTGACAA-3′ and the reverse
primer: 5′-CCTCCAATGGATCCTCGTTA-3′) was used as
loading controls. The specific primer sequences (the sense primer:
5′-CTGAAAGTGGTCGGGAGCAAA-3′ and the reverse primer:
5′-TGCACGAGTGGCAACTATGTCG-3′) were used for PCR
analysis. Fluorescence quantitative PCR reactions were con-
ducted using an Ultra SYBR Mixture (with ROX) Kit (CWBIO
Co. Ltd., Beijing, China). The 20 μL reaction system consisted
of 2 × Ultra SYBR Mixture 10.0 μL, the sense primer
(10 μmol · L−1) 1.0 μL, the reverse primer (10 μmol · L−1) 1.0 μL,
cDNA 1.0 μL, and ddH2O 7.0 μL. All of the samples were tested
in three technical replicates. The programs were pre-denaturated
at 95 °C for 10 min; and then 40 cycles containing denatur-
ation 15 s at 95 °C, annealing 15 s at 56 °C, and elongation 10 s
at 65 °C; fluorescence was detected and collected at the third
step per cycle. Specific mRNA level was quantified using the
cycle threshold (Ct) 2−ΔΔCt method (Hu et al., 2012).
2.3. Molecular cloning and bioinformatics analysis of the
MdHXK1
One pair of primers was designed and synthesized based on
the published MdHXK1 sequences, and PCR amplification was
performed using the cDNA of ‘Gala’ cultured seedlings as the
template. The PCR amplification procedure was as follows: pre-
denature at 94 °C for 5 min, then 94 °C 30 s, 60 °C 30 s, 72 °C
90 s, for 32 cycles, finally extended at 72 °C for 10 min. The PCR
product was separated by 1.25% agarose gel electrophoresis, iso-
lated by a TaKaRa MiniBEST Agarose Gel DNA Extraction Kit
Ver.4.0 (TaKaRa Biotechnology, Tokyo, Japan), then cloned into
the pMD18-T vector and sequenced.
Chemicophysical properties, protein structure and function
domain, cellular localization and genomic structure were pre-
dicted and analyzed on-line using the following websites:
http://web.expasy.org/protparam/; http://smart.embl-heidelberg.de/;
and http://gsds.cbi.pku.edu.cn/index.php/, respectively.
2.4. Southern blotting
The ‘Gala’ cultured seedlings genomic DNA was extracted
using the cetyl-trimethylammonium bromide method. One pair
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of primers (the sense primer: 5′-GTCCATACAACACAT
CACCTTC-3′ and the reverse primer: 5′-ACCGCCGCT
CAAATTACCAAAT-3′) was designed and synthesized based on
the 5′ UTR region of MdHXK1. The specific fragment was ob-
tained and used as probe which was then synthesized and
digoxigenin labeled. A 15 μg genomic DNA was digested by Hind
III and BamHI overnight, then fractioned on 0.8% (W/V) agarose
gel. DNA was blotted onto a Hybond-N+ membrane by stan-
dard transfer procedures (Yao et al., 2007). Hybridization signal
detection was performed according to the instruction of DIG DNA
Labeling and Detection Kit (Roche Diagnostics, Ltd., Lewes, UK)
and the hybridization temperature was 42 °C.
2.5. MdHXK1 enzyme extraction and Glc phosphorylation
activity (relative) assays
The enzyme extraction operations were under the environ-
ment of 0–4 °C. A 0.5 g of apple fruits (30, 60, 90, 120 d after
blossom) was stored at −80 °C and was homogenized in 2 mL
of 200 mmol · L−1 Hepes–KOH (pH 8.0) containing 5 mmol · L−1
MgCl2, 2 mmol · L−1 EDTA, 2.5 mmol · L−1 DTT, 2 mmol · L−1
benzamidine, 0.1 mmol · L−1 leupeptin, 0.1% BSA, 2% glyc-
erol, 1% Triton X-100) with 4% PVPP. The extract was
centrifuged at 10 000 r · min−1 for 20 min at 4 °C.
The assay mixture (0.5 mL) contained 50 mmol · L−1
Tris-HCl (pH 8.0), 4 mmol · L−1 MgCl2, 2.5 mmol · L−1 ATP,
0.33 mmol · L−1 NAD+, 1 U of glucose-6-phosphate dehydroge-
nase, 1 mmol · L−1 glucose and 25 μL of the desalted extract. A
25 μL of the desalted extract was added to start the reaction under
25 °C, reduction of NAD+ within 5 min was monitored by the
increase in absorption at 340 nm. Using the absorbency and re-
action time as ordinate and abscissa, enzyme activity was
calculated in terms of slopes. Trial of each sample was re-
peated three times.
2.6. Measurements of glucose content in fruits
A 2 g of apple fruits (30, 60, 90, 120 d after blossom) stored
at −80 °C was extracted in 2 mL 80% (v/v) methanol, fully ground
and transferred into 50 mL centrifuge tube, then diluted with 80%
(v/v) methanol to 15 mL and extracted under 70 °C for 30 min.
The extract was centrifuged at 4 000 r · min−1 for 10 min. Su-
pernate was transferred to another 50 mL centrifuge tube and
dried at 65 °C. The residue was dissolved with 5 mL water and
filtered with the 0.45 μm membrane filter. Then the filtrate was
analyzed using a capillary electrophoresis system (Beckman
P/ACE, Marshall Scientific, Hampton, NH, USA) (Yao et al.,
2011).
2.7. Prokaryotic expression
The open reading frame of MdHXK1 gene was amplified by
PCR method (the sense primer: 5′-GGATCCATGGGGAAA
GTGGCGGTG-3′ and the reverse primer: 5′-GTCGACTTA
GGACTCCTCTACC TCAAGG-3′). The fragment was cloned
into pMD18-T vector. Then the cloning vectors containing
MdHXK1 gene and the expression vector pET32a were
digested by BamH I and Sal I. The gene fragments were cut down
by restriction enzymes and inserted into the pET32a vector. The
recombinant plasmid was transformed into Escherichia coli BL21.
Induced by 0.5 mmol · L−1 isopropyl β-D-1-thiogalactopyranoside
(IPTG), the bacterial suspension was collected after 0, 1, 3, 6 h
induction, respectively, and centrifuged. Separate soluble pro-
teins and inclusion bodies were separated using ultrasonic wave
and then confirmed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE).
3. Results
3.1. Isolation of the MdHXK1 in apple
DNA electrophoresis results of PCR amplification showed a
band at about 1 500 bp (Fig. 1), which was in line with expec-
tations. Sequencing and analysis showed the MdHXK1 gene
(MDP0000309677) contains a 1 497 bp open reading frame (ORF)
that encodes 499 amino acid residues. It was predicted that the
molecular mass of this protein was 54.05 kD, and pI was
5.76.
3.2. Analysis on genomic organization
The Genome Database for Rosaceae (http://www.rosaceae.org/)
was used to analyze the chromosomal localization and genomic
organization of MdHXK1. The MdHXK1 gene was mapped to
chromosomes 15 and has 8 introns and 9 exons (Fig. 2).
Fig. 1 Agarose gel electrophoresis of reverse transcription polymerase
chain reaction products
Fig. 2 Chromosomal location and genomic structure of MdHXK1
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3.3. Phylogenetic tree, protein functional domains and
subcellular localization of MdHXK1
Protein multiple sequence alignment and phylogenetic tree
analysis constructed by MEGA 6.0 software showed high
homology with apple MdHXK1 to Pyrus bretschneideri
(XP_009352555.1), Prunus mume (XP_008242483.1),
Cucumis melo (ACJ04704.1), Vitis vinifera (AEJ95926.1),
Populus trichocarpa (XP_002325031.1), Nelumbo nucifera
(XP_010249484.1), Glycine soja (KHN41674.1), Gossypium
arboreum (KHG22031.1), Tarenaya hassleriana
(XP_010526433.1) and Camellia sinensis (AHD25654.1). The
identity was 96%, 94%, 86%, 85%, 84%, 83%, 83%, 81%, 81%
and 80%, respectively, which revealed that they have close phy-
logenetic relationships. In addition, the apple MdHXK1 gene
shared low homology with Eriobotrya japonica (ADZ96378.1),
Arabidopsis (NP_194642.1) and Brassica rapa (XP_009102132.1)
(Fig. 3). Based on domain structure, the MdHXK1 protein con-
tains a single peptide, a transmembrane domain and two
conservative domains: Hexokinase_1 and Hexokinase_2. This
kind of structure was of very highly conserved with HXK1 pro-
teins in other species.
The MdHXK1 protein is distributed in most subcellular struc-
tures. The proportion of MdHXK1 protein distribution to the
cytoplasmic matrix, mitochondria, cell nucleus, and endoplas-
mic reticulum was 39.1%, 17.4%, 17.4% and 13%, respectively.
Predicted results on the Self Optimized Prediction Method
with Alignment (SOPMA) website showed that the secondary
structure of MdHXK1 protein consists of alpha helixes, random
coils, extended strands, and beta turns, and the composition was
49.4%, 26.31%, 15.26%, and 9.04%, respectively.
3.4. Southern blotting
The genomic DNA of ‘Gala’ cultured seedlings was ex-
tracted using the cetyl-trimethylammonium bromide method and
then digested by Hind III and BamH I. The result shows that there
was only one MdHXK1 copy in the apple genome (Fig. 4).
3.5. Analysis of promoter cis-acting element
We analyzed the upstream regulatory elements in the MdHXK1
promoter fragment. A considerable amount of stress resistance-
related regulation elements were found within the MdHXK1
promoter (Table 1): cis-acting element involved in dehydration
stress ACGTATERD1 (Simpson et al., 2003) and MYBCORE
(Luscher and Eiseman, 1990; Urao et al., 1993; Solano et al.,
1995), cis-acting element involved in defense induction
MYB1LEPR (Chakravarthy et al., 2003), MYB identified site
involved in dehydration stress MYB2CONSENSUSAT (Abe et al.,
2003), cis-acting element related to cold MYCCONSENSUSAT
(Abe et al., 2003; Chinnusamy et al., 2003, 2004; Hartmann
et al., 2005; Lee et al., 2005; Oh et al., 2005; Agarwal et al.,
2006) and cis-acting element involved in sugar signaling re-
sponse SREATMSD (Tatematsu et al., 2005). In addition, the
MdHXK1 promoter sequence still consists of diverse hormone
response elements, e.g. cis-acting element involved in cytoki-
nin induction CPBCSPOR (Fusada et al., 2005) and cis-acting
element involved in auxin-related regulation CATATGGMSAUR
Fig. 3 Phylogenetic tree of apple MdHXK1 and HXK1 proteins of other species
Fig. 4 Southern-blotting analysis
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(Xu et al., 1997), which indicated that MdHXK1 may play crucial
roles in the regulation processes related to ABA and IAA and
plant growth and development.
3.6. Gene expression of MdHXK1, Glc phosphorylation activity
(relative) assays and measurements of glucose content in fruits
Quantitative RT-PCR analysis showed that MdHXK1 was ex-
pressed in root, stem, leaf, flower and young fruit, and its
expression level was higher in stem and flower tissues (Fig. 5,
A). During the development of apple fruits, the expression of
the MdHXK1 initially increased and then decreased; the highest
expression level was at 60 days after bloom (Fig. 5, B).
Glc phosphorylation relative activity and glucose concentra-
tion were measured (Fig. 6). During the fruit growth period, levels
of both peaked at 60 days after blossom, then declined and in-
creased slightly at the late stage of fruit development.
Table 1 Some important cis-acting regulatory elements in the upstream regulatory sequences of MdHXK1
cis-acting element name cis-acting
element
sequence
Function of cis-acting element Start site Terminal
site
ACGTATERD1 ACGT cis-acting element involved in dehydration stress and dark-induced leaf senescence –1988
–955
–1985
–952
MYBCORE CNGTTR cis-acting element involved in dehydration stress –1802
–1757
–1427
–1797
–1752
–1422
MYB1LEPR GTTAGTT cis-acting element involved in defense induction –1680 –1674
MYB2CONSENSUSAT YAACKG MYB identified site involved in dehydration stress –1472
–1296
–1467
–1291
MYCCONSENSUSAT CANNTG cis-acting element related to cold –1401
–1226
–912
–781
–679
–500
–143
–71
–1396
–1221
–907
–776
–674
–495
–138
–66
CPBCSPOR TATTAG cis-acting element involved in cytokinin induction –1655
–1377
–1650
–1372
SREATMSD TTATCC cis-acting element involved in sugar signaling response –1418 –1413
CATATGGMSAUR CATATG cis-acting element involved in auxin-related regulation –500 –495
Fig. 5 Expression of MdHXK1 gene in root, stem, leaf, flower and young fruit of apple and different stages of fruit growth
Fig. 6 Glc phosphorylation relative activity and the accumulation of glucose in apple fruits at the indicated days after bloom
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Tissue cultured ‘Gala’ seedlings were submerged in medium
with the inclusion of 100 mmol · L−1 NaCl, at 10 °C, 100 μmol · L−1
abscisic acid (ABA) and samples were collected at different time
after treatment for the expression analysis. qRT-PCR analysis
showed that the expression of this gene was induced by salt stress,
low temperature, and ABA. Under salt stress and low tempera-
ture, MdHXK1 expression peaked within 6 h and 1 h after the
treatment, respectively, and the expression maintained a high level
from 6 h to 48 h after ABA treatment (Fig. 7).
3.7. Prokaryotic expression of MdHXK1
SDS-PAGE of protein extracted from bacterial suspension
without IPTG induction shows that there was no particular purpose
for this band. A fusion protein extracted from bacterial suspen-
sion that was collected in 0, 1, 3, and 6 h after IPTG induction
was detected near 70 kD by SDS-PAGE. Because the size of the
His tag was about 20 kD, the size of the fusion protein we induced
was about 50 kD and it was close to the predicted size of
MdHXK1 (54 kD). Furthermore, the induced MdHXK1 fusion
protein was in inclusion body form (Fig. 8).
4. Discussion
Previous research have proven that transgenic Arabidopsis seed-
lings overexpressing AtHXK1 showed sugar hypersensitivity (Jang
et al., 1997) and these results indicate that hexokinase func-
tions as a sugar sensor. Furthermore, AtHXK1 plays important
roles in interrelating nutrient, light, and hormone signaling net-
works for regulation growth and development to suit changing
environments (Moore, 2004).
Studies on Arabidopsis (Karve et al., 2008), Oryza sativa (Cho
et al., 2006a) and Physcomitrella patens (Olsson et al., 2003)
show that most homologous HXK genes have nine exons, but
the length of introns vary considerably. The apple hexokinase
gene MdHXK1 in this study has nine exons. Prediction results
of protein functional domains show that MdHXK1 protein con-
sists of a signal peptide and a transmembrane domain, which
imply that MdHXK1 is one of the secretory proteins. The pre-
cursor protein of MdHXK1 is led by a signal peptide to a specific
part of a cell after synthesis in ribosomes, and then becomes
mature protein after the cleavage of a signal peptide. Protein
multiple sequence alignment shows high homology with
apple MdHXK1 to C. sinensis, C. melo, G. soja, G. arboreum,
N. nucifera, P. trichocarpa, P. mume, P. bretschneideri, T.
hassleriana, and V. vinifera. This reveals that these species have
close phylogenetic relationships. Phylogenetic tree analysis shows
that apple MdHXK1 exhibits the highest sequence similarity to
P. bretschneideri PbHXK1, which implies that they have same
functions. MdHXK1, like other HXK family members, have two
conservative domains: Hexokinase_1 and Hexokinase_2. Both
of the conservative domains are predicted to contain an ATP
binding site, so hexokinase can transfer an inorganic phos-
phate group from ATP to a substrate. The space that is surrounded
by the two domains may be the active region of enzymatic
reaction.
In plant cells, hexokinases is located in the cytoplasm, Golgi
apparatus, mitochondria, and chloroplast, suggesting numer-
ous distinct intracellular functions (Qin et al., 2003). In the
cytoplasm, hexokinase is the most important enzyme in gly-
colysis that phosphorylates glucose, which can prevent glucose
from escaping from the cell; in addition, glucose-6-phosphate
acts as an activated form that is easily involved in subsequent
metabolic processes (Zhang et al., 2012). Most of membrane-
bound HXKs is associated with the mitochondria
(Damari-Weissler et al., 2006; Kandel-Kfir et al., 2006) and deliver
pyruvate to mitochondria to synthesis NADH and ATP which
can be used by HXKs as well as by other enzymes in glycoly-
sis and sugar-nucleotide synthesis (Rontein et al., 2002; Graham
et al., 2007). In the nucleus, AtHXK1 interacts with the vacu-
olar H+-ATPase B1 and the 19S regulatory particle of a
proteasome subunit. The complex directly regulates the expression
Fig. 7 Expression pattern of MdHXK1 gene under abiotic stresses of salt
stress, low temperature stress and abscisic acid treatment stress
Fig. 8 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of
pET32a-MdHXK1 expression products, soluble protein in the
supernatant and inclusion body protein
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of specific genes by interacting with promoters (Cho et al., 2006b).
In this study, MdHXK1 is mainly located in the cytoplasmic
matrix, mitochondria, and cell nucleus, which is in good agree-
ment with previous studies.
Studies have proven that sugar can promote the accumula-
tion of anthocyanin in petals, and this phenotype can be suppressed
by an HXK inhibitor, which indicated that the phenotype is HXK-
dependent (Zheng et al., 2009). Quantitative RT-PCR analysis
showed that MdHXK1 is expressed in several tissues. The highest
level of expression in flower can be relative to the accumula-
tion of anthocyanin in petals. During the development of apple
fruits, the varied expression of the MdHXK1 gene may be cor-
related with the different sugar metabolic rates. At the early stage
of fruit development, the strong expression level of MdHXK1
causes rapid sugar metabolism to satisfy the requirements of plant
growth and development. As the fruit ripens, the demand for
energy and carbon skeletons decreases and so the expression of
MdHXK1 is reduced (Li et al., 2012). The changes on Glc phos-
phorylation activity (relative) and glucose concentration show
the same trend, but are not fully in agreement with the change
in MdHXK1 gene expression during the development of fruit.
In fact, six HK genes were identified in apple (Li et al., 2012),
so other HXK genes may be involved in the regulation of Glc
phosphorylation activity and glucose concentration aside from
MdHXK1 in apple.
In addition, previous study shows that glucose controls the
expression of genes involved in ABA synthesis and signaling in
HXK-dependent manner (Arenas-Huertero et al., 2000). The ex-
pression of Arabidopsis AtHXK2 is induced by salt stress, low
temperature, and ABA (Kreps et al., 2002). Finally, we ob-
tained and purified the MdHXK1 fusion protein by recombinant
prokaryotic expression, which established the foundation for future
studies related to the functions of MdHXK1 protein in apple sugar
metabolism.
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